The discovery of intriguing properties related to the Dirac states in graphene has spurred huge interest in exploring its two-dimensional group-IV counterparts, such as silicene, germanene, and stanene. However, these materials have to be obtained via synthesizing on substrates with strong interfacial interactions, which usually destroy their intrinsic π(p z )-orbital Dirac states. Here we report a theoretical study on the existence of Dirac states arising from the p x,y orbitals instead of p z orbitals in silicene on 4H-SiC(0001), which survive in spite of the strong interfacial interactions. We also 1
as stanene have been experimentally obtained on substrates such as Ag, ZrB 2 , Ir, Au, Al, and Bi 2 Te 3 , etc. [17] [18] [19] [20] [21] [22] [23] [24] [25] However, it is found that the strong hybridization between the p z orbitals in these materials and the substrates states make the desired p z Dirac states at the Fermi level (E F ) absent.
19,26-31
Different from the p z orbitals which is easily hybridized with substrates, the p x,y orbitals forming the σ bond in group-IV materials is particularly robust. It is thus ideal if one can obtain Dirac states formed primarily by p x,y orbitals (denoted as p x,y Dirac states) in group-IV 2D materials. Dirac states arising from p x,y orbitals have been predicted in cold atom systems with 2D honeycomb lattice, 32,33 but have not been realized in solid state systems.
Here we find that the p x,y Dirac states can exist in silicene grown on the C-terminated 4H-SiC(0001) [SiC(0001) hereandafter]. 34, 35 Moreover, we find that magnetism arising from unpaired p electrons and the SOC give rise to a quantum anomalous Hall (QAH) gap of 1.3 meV with a Chern number C = 2, which should be experimentally detectable.
Stable atomic structures of silicene/SiC(0001). We have performed an extensive search for the stable structures of silicene/SiC(0001). We noticed that the 4 × 4 unit cell of silicene is commensurate to the 5 ×5 surface unit cell of SiC(0001) with a lattice mismatch of less than 1%. We have considered 6 typical configurations, i.e., the top layer C/Si atom of SiC being in the top, bridge, and hollow positions of the silicene honeycomb lattice, respectively.
Each supercell contains 257 atoms, including 32 silicene atoms, 200 SiC atoms, and 25
hydrogen atoms terminating the SiC substrate. After extensive geometry optimizations, we have reached four distinct stable structures, which are denoted as c-top (Figure 1 ), cbridge ( Figure S1 ), c-hollow ( Figure S2 ), and si-bridge ( Figure S3 ), respectively. A common feature in all the four structures is the significant structural reconstruction of silicene, where a large hollow ring composed of 10-14 Si atoms appears in the silicene sheet and 7-9 Si atoms protrude vertically from the sheet by 1.45-1.51Å. The calculated average bond lengths of silicene are 2.43-2.57Å, larger than that of pristine (freestanding) silicene (Table 1 ). Table 1 also shows the distance between the average height of the silicene sheet and the top C layer The total energy calculations show that the c-top structure, on which we will focus in the following discussions, is the most stable with E c being 17-70 meV/Si larger than that of the other three metastable structures, meaning that it is likely to be the structure synthesized experimentally. To further show its thermodynamic stability during the growth, we have calculated the total energies of bilayer silicene on SiC(0001) ( Figure S4 ). The thermodynamic stability is evaluated by 
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The underlying mechanism for the formation of p x,y Dirac states is closely related to the strong hybridizations between the s, p z orbitals in the Si atoms of silicene and those in the C atoms of SiC surface, which significantly change the intrinsic hybridizations among the 3s, 3p x,y , and 3p z orbitals in silicene. The 3p z orbitals in silicene are pushed away from the Fermi energy due to hybridization with the SiC surface orbitals, while the 3p x,y orbitals shift closer to the Fermi energy due to weakened σ bonding within the silicene sheet. This "orbital-filtering" effect is analogous to that appeared in DFT predictions of functionallized atomic layers 39 and heavy-metal atoms (Bi) on top of halogen-covered Si(111) surface. metrical distortion which breaks the hexagonal symmetry of the p z -characteristic orbitals.
The PDOS projection analysis shows that the energy bands near E F are contributed to the strong hybridizations among 3s, 3p x,y and 3p z orbitals of Si atoms in silicene (Figure 2d ).
Above results confirm that the covalent-bonding interaction with the SiC substrate dramatically changes the low-energy states in silicene, pulling the 3s and 3p z characteristic bands away from Dirac point around E F and creating the 3p x,y Dirac states.
It is noted that the band structure of silicene/SiC (Figure 2a Whereas, the complex band structure appears for the silicene detached from SiC ( Figure   2b ), mainly due to the large geometrical distortion and the absence of SiC substrate, which push the previously saturated 3s and 3p orbitals of silicene closer to the Fermi energy.
A novel discovery of our study is the survive of p x,y Dirac states in a system with complex geometry, where the honeycomb structure of the pristine silicene is largely deformed. This character can be owning to two facts. On the one hand, the p x,y Dirac states are of particularly robust against the deformation due to the nature of σ-like orbitals hybridization, which is strong and hardly destroyed. This feature is different from the p z Dirac states which are easily destroyed by the deformation and/or strong substrate interactions due to the nature of weak π bonds. 26 On the other hand, despite the large deformation exists, the silicene structure still preserves the C 3 rotational symmetry of pristine silicene, which is crucial for the appearance of Dirac bands as discussed in the later section. This is further supported by the absence of Dirac states in the c-bridge, c-hollow, and si-top structures, all of which have the P1 symmetry ( Figures S1-S3 ). 
42,43
It is known that the SOC in pristine silicene opens a band gap of 1.55 meV in the p z Dirac bands, and makes it a time-reversal invariant Z 2 topological insulator. 10 One may wonder what would happen for the p x,y Dirac states in silicene on SiC(0001) where the time-reversal symmetry has been broken by the ferromagnetism. We thus performed calculations with SOC and investigated the topological properties of the p x,y Dirac states. In Figure 4b we show the calculated energy bands of silicene on SiC with SOC (see Methods section). It can be seen that the SOC opens a band gap of 1.3 meV around K point between the spin-up and the spin-down Dirac states, which is comparable to the Z 2 gap of the p z Dirac states in pristine silicene. Note that a band gap between s z eigenstates has to be opened by SOC terms involving s x and/or s y components, which are allowed by the broken mirror symmetry at the 13 silicene/SiC(0001) interface and can be qualitatively captured by a Rashba-like term.
We next show that the gap at the Dirac cone of c-top structure is a QAH gap, characterized by a nonzero Chern number C = 2. To this end we calculate the U(N) Berry curvature of KS Bloch states, Ω(k)
where
which is the cell-periodic part of the Bloch wave function of jth band at k. A quadrant of BZ is pixelated into 30 × 30 plaquettes for the evaluation of U(N) Berry curvature. A total of 354 bands up to the band gap at the Dirac cone (0.1 eV) are considered, which cover all the valance states from the outer shell orbitals of carbon and silicon atoms. Figure 5 shows the Berry curvature distribution in the momentum space, which is peaked at the corners of the first BZ around K and K ′ points. The Chern number C is calculated by integrating the non-Abelian Berry curvature by:
The absolute value of C corresponds to the number of gapless chiral edge states along an edge of the silicene sheet. We found C = 2, meaning that there are two chiral edge states.
In general each band of a gapped 2 × 2 Dirac model has a Chern number equal to 1/2 or -1/2. However, in the present case the low-energy space in each valley consists of four states involving both spin and pseudospin degrees of freedom (as discussed in the following section), and the above argument is not directly applicable. To see how this Chern number comes about, we note that in the absence of a gap term in the pseudospin space, the lower two bands of a 4 ×4 Dirac Hamiltonian with a perpendicular exchange field and the Rashba SOC contribute to a Chern number of 1 per valley, or total C = 2. 42, 43 Here we only argue that the pseudospin gap term in the low-energy theory of our system does not lead to further change of the Chern number.
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As expected from the nonzero Chern number, the anomalous Hall conductivity should also show a quantized charge Hall plateau of σ xy = Ce 2 /h when the E F is located in the QAH gap. Figure 5 shows that the main contribution to the Berry curvature is sharply concentrated around the Dirac cones, indicating that the main source of the anomalous Hall conductivity arises from states near the SOC gaps. Compared to previous proposals of realizing the QAH effect, the present system has the advantage of no additional magnetic doping.
It was found that the band structure can be controlled by applying an electric field (E) perpendicular to the pristine silicene. [48] [49] [50] Especially, Ezawa found that in the pristine silicene, where the Dirac band gap is dominated by the effective SOC, the band gap decreases to zero with E increasing to a critical value (E c = 0.017 V/Å), and then increases with E for E > E c . Figure S7 ), which is different from the case of pristine silicene. There are two possible reasons for this phenomenon. One is that in our case the gap is dominated by the Rashba SOC and the exchange coupling which are expected to be insensitive to the electric field, 48 the other is that our system is metallic which can largely screen the electric field.
Low-energy effective model. It is desirable to come up with a low-energy effective model to understand the origin of the Dirac states and the QAH effect. However, owing to that present system consists of too many atoms, the standard procedure which constructs the tight-binding Hamiltonian from KS eigenstates and thus extracts the effective Hamiltonian based on the k · p approach, is not very practical. We thus propose an alternate strategy.
Because the Dirac states in our system are well separated from the other bands at K and K ′ , the low-energy k · p Hamiltonian has the form of a 4 × 4 Hermitian matrix. Because the SOC in our system is expected to be much weaker than the other energy scales, the 4 basis functions should be well approximated by direct products of orbital and spin parts. The 2D orbital part can be viewed as a 1/2 pseudospin. In the weak SOC limit, all terms in the Hamiltonian can be written as direct products of Pauli matrices and identity matrices in the pseudospin and the real spin spaces.
In Figure 3c ,d we have shown the real space distributions of the two pseudospin eigenfunctions. One can see that they nicely fall into the two neighboring equilateral triangles that compose the supercell with C 3 rotational symmetry. This is very similar to the case of graphene with a staggered sublattice potential. The difference is just that in graphene the pseudospin basis functions are the p z orbitals in the two sublattices of the carbon honeycomb lattice. In the present case, the two basis functions are certain linear combinations of (mainly) Si p x,y orbitals in the two equilateral triangles of the unit cell, which also effectively form a much bigger honeycomb lattice (Figure 6a,b) . Consequently, one can get the low-energy effective Hamiltonian for the Dirac states around the K η point in the pseudospin block (see Supporting Information), as
where σ=(σ x , σ y , σ z ) is the Pauli matrix of spin, τ a (a = x, y, z) is the Pauli matrix of the sublattice pseudospin, η = ±1 labels the two valleys at K and K ′ , and v F = √ 3a 0 t/2 with a 0 the lattice constant of the supercell. In the low-energy effective Hamiltonian, the parameters are set as t = 1.5 eV for the transfer energy, A four-band second-nearest-neighbor tight-binding model for the p x,y -orbital basis can be also constructed as
where In summary, we have performed systematic electronic structure calculations on the basis of the density-functional theory for the system of silicene on C-terminated SiC(0001) surface.
We found that the strong interfacial bonding stabilizes the silicene overlayer and results in Dirac states at K point, which are composed of p x,y orbitals, rather than p z orbitals, of the Si atoms in silicene. We also found that the exchange field due to the unpaired electrons at the interface, together with the spin-orbital coupling give rise to a detectable band gap of 1.3 meV at the Dirac points. Berry curvature calculations using the Kohn-Sham wavefunctions further show the nontrivial topological nature of such Dirac states with a Chern number C = 2, indicating the silicene/SiC(0001) system is a QAH insulator without additional magnetic doping. We further constructed a minimal effective model to capture the lowenergy physics of this system. We expect the underlying physical mechanism to be also applicable to other group-IV 2D materials such as germanene and stanene, which will be a interesting subject for future studies.
Methods. nonSOC calculations. In our work, density functional theory (DFT) method was used for structural relaxation and electronic structure calculation. The ion-electron interaction was treated by the projector augmented-wave technique as implemented in the Vienna ab initio simulation package (VASP). 51, 52 The vdW density functional (optB86b-vdW functional) 53, 54 which is capable of treating the dispersion force, was adopted for the exchange-correlation functional. The electron-ion interaction was described by the projector augmented wave method, 55 and a cutoff energy of 450 eV in the plane-wave basis set was used.
The SOC calculations. In the nonSOC calculations, the substrate was modeled by four SiC layers with a 5 × 5 periodicity, which is too large for us to perform the SOC calculations.
To overcome this computational issue, we constructed a thinner substrate by peeling the silicene and the top-layer SiC from the c-top structure and saturating the peeled SiC layer with hydrogen (denoted as silicene/1LSiC, Figure S6 ). We also performed nonSOC spinpolarized calculations for silicene/1LSiC ( Figure S6c) . A comparison of Figure S6c and Figure 4a shows that the Dirac states remain almost unchanged when a thinner slab is used for the substrate.
Low-energy effective model. Details are presented in Supporting Information.
AUTHOR INFORMATION
between these two bands is between eigenstates of spin along z, which commutes with the pseudospin gap term. Therefore in the perturbative regime, i.e., the size of the pseudospin gap is much smaller than the exchange field, it cannot compete with the Rashba term in closing and reopening the gap between the 2nd and the 3rd bands, and cannot change the total Chern number of the filled (i.e. the 1st and the 2nd) bands. Thus the total Chern number remains to be 2. Figure 4a indicates that the system considered in this work is indeed in this regime, since the ring-degeneracy between Dirac bands with opposite spin polarizations stays intact in the absence of spin-orbit coupling. We do note that the pseudospin gap can compete with the Rashba term in closing and reopening the gap between the 1st and the 2nd bands and change their Chern numbers individually, but not their sum. We did not consider the intrinsic SOC term in this discussion since it also commutes with the z-spin operator.
